ABSTRACT The development of nanocrystal quantum dots (NQDs) with suppressed nonradiative Auger recombination has been an important goal in colloidal nanostructure research motivated by the needs of prospective applications in lasing devices, light-emitting diodes, and photovoltaic cells. Here, we conduct single-nanocrystal spectroscopic studies of recently developed core-shell NQDs (so-called "giant" NQDs) that comprise a small CdSe core surrounded by a 16-monolayer-thick CdS shell. Using both continuouswave and pulsed excitation, we observe strong emission features due both to neutral and charged biexcitons, as well as multiexcitons of higher order. The development of pronounced multiexcitonic peaks in steady-state photoluminescence of individual nanocrystals, as well as continuous growth of the emission intensity in the range of high pump levels, point toward a significant suppression of nonradiative Auger decay that normally renders multiexcitons nonemissive. The unusually high multiexciton emission efficiencies in these systems open interesting opportunities for studies of multiexciton phenomena using well-established methods of single-dot spectroscopy, as well as new exciting prospects for applications, that have previously been hampered by nonradiative Auger decay.
P revious studies of carrier recombination dynamics in semiconductor nanocrystal quantum dots (NQDs) under intense pulsed excitation have shown that Auger decay is a general phenomenon that dominates multiexciton dynamics in these nanostructures, irrespective of composition, core/shell geometry, or shape in the case of elongated quantum rods (for review, see, e.g., refs [1] [2] [3] . This process is especially detrimental in lasing applications of nanocrystals, as it leads to very short, picosecond optical gain lifetimes. [4] [5] [6] [7] It also limits the performance of NQDbased light emitting diodes 8, 9 and photovoltaic cells 10, 11 because it introduces an additional recombination channel in charged nanoparticles. 8 Thus, the development of Augerrecombination-free NQDs would greatly benefit a large number of emerging nanocrystal-based technologies.
Recently, we reported a new class of NQDs (termed "giant" NQDs or g-NQDs) that comprise a small CdSe core (3-4 nm diameter) encapsulated in a thick shell (10-19 monolayers) of a wider band gap CdS. 12, 13 Our initial spectroscopic studies of these structures indicated a significant improvement in photostability of g-NQDs compared to standard NQDs, as well as a much higher tolerance to harsh chemical and heat treatments. Additionally, these new nanostructures showed a significant suppression of photoluminescence (PL) intermittency ("blinking") observed in single-dot measurements. A similar effect of blinking suppression was also observed in ref 14 , where analogous structures were investigated.
PL intermittency is a well-documented property of colloidal NQDs (see, e.g., refs [15] [16] [17] . The transition from the emitting to the nonemitting state has usually been attributed to transfer of an electron or a hole to a trap outside of the nanoparticle. [17] [18] [19] This process results in a charged nanocrystal, which is nonemissive because of fast Auger recombination of a photoexcited electron-hole pair via energy transfer to the pre-existing charge. Thus, the suppression of PL blinking observed in g-NQDs pointed toward reduction in the efficiency of Auger recombination and/or reduced likelihood of nanocrystal photocharging. Recently, we indeed observed a significant suppression of Auger decay in ensemble studies of g-NQDs where we directly monitored dynamics of single and biexciton emission. 20 On the basis of these measurements, we inferred that the lower bound of the biexciton Auger decay time was 15 ns, which was ca. 75 times longer than in standard CdSe/ZnS nanocrystals possessing a similar emission wavelength. Long Auger decay times (10.5 ns) were also observed for charged excitons (trions) in thick-shell NQDs in single-nanocrystal studies. 21 Furthermore, a suppression of Auger recombination was also recently reported for two other types of NQDs, CdTe/ CdSe core/shell structures 22 and CdZnSe/ZnSe nanocrystals possessing a radially graded alloy at the core/shell interface. 23 In ref 22, the conclusion of reduced Auger decay efficiency was made based on the observation of intense steady-state emission from multiexciton states in single-NQD studies, while in ref 23 a similar conclusion was drawn on the basis of greatly reduced single-nanocrystal PL blinking.
Here, we present new evidence for significantly suppressed Auger decay in g-NQDs that is based on a large body of spectroscopic data obtained from single-dot measurements under both continuous-wave (cw) and pulsed excitation and for two different pump wavelengths (532 and 405 nm). Specifically, in contrast to single-dot PL spectra of standard NQDs, which show emission solely due to single excitons under cw excitation independent of pump level, high-pump-intensity g-NQD emission spectra are dominated by features due to biexcitons. On the basis of the spectral position of emission peaks, we conclude that the 532 nm pump (direct excitation of the CdSe core) results solely in neutral species, while the 405 nm pump (excitation of the CdS shell) can produce either neutral or charged excitations. We observe that both charged and neutral biexcitons, as well as charged excitons (trions), are highly emissive, and the corresponding emission peaks do not saturate at high pump levels. On the contrary, the PL signal of standard NQDs saturates as a result of fast Auger decay, which leads to suppression of emission from neutral biexciton and various charged states. Using intense pulsed excitation, we are even able to observe efficient emission from multiexcitons of higher order, 3 and above. Together, these results confirm a significant enhancement in multiexciton emission yields in g-NQDs compared to standard NQDs, which directly points toward greatly suppressed Auger recombination and an opportunity to utilize these newly developed nanostructures for the range of applications from efficient light emission to light harvesting.
Experimental Section. In this work, we focus on g-NQDs with a 3 nm CdSe core overcoated with 16 monolayers of CdS, which corresponds to shell thickness of ca. 5.6 nm. These nanocrystals were fabricated as described in ref 12. For single-nanocrystal measurements, a dilute solution of g-NQDs was dispersed onto a crystalline quartz substrate (<0.5 NQD/µm 2 ), which was then mounted in a continuousflow liquid He cryostat. An inverted optical microscope with a 40×, 0.6 NA objective was used to image the sample onto the entrance slit of a 1/3 m imaging spectrometer. PL spectra were collected using a liquid-nitrogen-cooled charge-coupled device. The integration time was up to 60 min at the lowest pump intensities. At high pump intensities, we acquired multiple spectra using a ca. 1 min acquisition time to ensure that the observed spectral features were not artifacts of spectral diffusion.
For measurements under cw radiation, we used either a frequency doubled Nd:YAG laser (532 nm emission wavelength) or a blue diode laser (405 nm emission wavelength). In experiments with pulsed excitation, we used a 405 nm, 300 ps pulsed diode laser operating at a 10 MHz repetition rate. PL dynamics were measured with 500 ps resolution via time correlated single photon counting. All measurements were conducted at 4 K.
Continuous Wave 532 nm Excitation: Observation of Neutral Biexcitons. Figure 1a shows the pump intensity dependent PL spectra of a typical individual nanocrystal measured using cw 532 nm excitation. The respective photon energy is below the absorption onset of the thick CdS shell, and therefore, it corresponds to the situation when charge carriers are photoinjected directly into the CdSe core. The pump intensities are indicated in terms of a normalized power, P, where P ) 1 corresponds to the power density of 1 kW cm -2 . The PL spectra measured at pump power P < 0.1 (two bottom spectra in Figure 1a ) comprise a main zero-phonon peak at 2.06 eV (X 1 ) accompanied by a broad, lower-energy phonon replica. At P > 0.1, a new peak (X 2 ) emerges at ∼10 meV to the blue from the X 1 feature. The intensity of the X 2 peak quickly increases with pump power and it becomes a dominant PL feature at P > 0.3. We also observe a weaker phonon replica of the X 2 band, which is composed of two peaks that correspond to CdS and CdSe longitudinal optical phonons (35 and 25 meV, respectively).
We further examine the pump-intensity dependence of the X 1 and X 2 peaks as well as the spectrally integrated PL signal (Figure 1b ). At P < 0.1, the amplitude of the X 1 line scales linearly with pump power (blue circles in Figure 1b) . At pump levels above the onset for the development of the X 2 feature (P > 0.1), the growth of the X 1 peak becomes sublinear, while the amplitude of the X 2 band shows a quick quadratic growth (red triangles in Figure 1b ). On the basis of these observations, we can assign the X 1 and X 2 features to single excitons and biexcitons, respectively. Interestingly, across the whole pump power range studied in these measurements, the spectrally integrated PL intensity scales linearly with P (black squares in Figure 1b ), even well above the onset for biexciton emission. This behavior is in contrast to that observed for standard nanocrystals, where the PL signal quickly saturates at pump levels above the onset for multiexciton generation. 24 Saturation is a result of fast nonradiative Auger decay, which dominates recombination dynamics of multiexcitons. The lack of such saturation in g-NQD samples together with the fact that the X 2 band dominates the emission spectrum of these nanostructures at high pump levels clearly indicate that the biexciton decay in this case is primarily due to radiative processes and not Auger recombination.
In our studies with 532 nm excitation, we have measured more than 30 different g-NQDs. For all of them, at high pump intensities, we observe the development of the X 2 peak, which is blue shifted with regard to the X 1 feature. Furthermore, in all cases the X 2 amplitude shows quadratic growth with increasing pump level (see the PL data set for one more g-NQD in Figures 1c and d) . The separation between the X 2 and the X 1 features varies from NQD to NQD ( Figure 2 ; histogram shown in red) and is on average 25 ( 5 meV (the uncertainty interval is given in terms of a standard deviation).
The shift of the biexciton emission line relative to the single-exciton PL spectrum provides a measure of the exciton-exciton interaction energy, ∆ XX . For core-only CdSe nanocrystals, the biexciton emission line is shifted to the red from the single-exciton band (∆ XX < 0), which corresponds to exciton-exciton attraction. 24 The fact that in g-NQDs, the biexciton band is blue shifted with regard to the X 1 feature is indicative of exciton-exciton repulsion. Our previous studies of exciton-exciton interactions in nanocrystals show that this effect is typical of systems with a significant difference in spatial distributions of electrons and holes (such as type-II nanocrystals), which breaks local charge quasi-neutrality. 5, 25, 26 In the case of g-NQDs, local imbalance between positive and negative charges develops as a result of a significant difference in localization regimes for electrons (delocalized over the entire g-NQD volume) and holes (confined to the core). Using formalism of ref 26 for treating exciton-exciton interactions in core-shell nanocrystals, we obtain that for the parameters of g-NQDs studied here, ∆ XX is ∼30 meV. This value is in good agreement with the measured interaction energy of 25 ( 5 meV.
Continuous Wave 405 nm Excitation: Observation of Trions and Charged Biexcitons. We have also studied single-g-NQD PL spectra using 405 nm excitation. This pump wavelength corresponds to photoinjection of carriers into the thick CdS shell, which provides a higher absorption cross section compared to 532 nm excitation (by a factor of 10-to-30 based on the ensemble absorption spectrum and direct comparison of a single g-NQD PL signal for 405 and 532 nm pump wavelengths) but also leads to increased likelihood of charge carrier escape from the nanocrystals to the interface states as discussed below.
For the 405 nm excitation, we observe two distinctly different behaviors in the measured PL spectra depending on the particular g-NQD. Some of the nanocrystals (type A g-NQDs; Figure 3a ,b) exhibit X 1 and X 2 spectral structures as well as pump-intensity-dependent trends that are similar to those observed for the 532 nm excitation (Figure 4 ; top panel). In this case, however, we can monitor the evolution of the PL spectra across a wider range of pump powers. Specifically, with the 405 nm pump we observe a nearly linear scaling of the spectrally integrated PL signal with P for the four-order-of-magnitude change in the excitation level (Figure 3b ). This confirms great reduction in the efficiency of nonradiative Auger recombination, which would normally lead to saturation of PL intensity at high pump levels.
Under 405 nm excitation, some of the nanocrystals (type B; Figure 3c ,d) display multiexciton PL spectra that are different from those measured using the 532 nm pump. Specifically, at P > 0.1 we detect a new peak, X* 2 , (accompanied by a weak phonon replica) that is blueshifted by ∼75 meV from the low-pump-intensity X* 1 feature. Simultaneously, we observe the increase in the amplitude of a lowenergy shoulder of the X* 1 line.
The appearance of the higher energy X* 2 peak indicates that the observed emission is due to a multiexciton, which in addition to carriers in the lowest energy level (L 1 ) involves at least one carrier (an electron or a hole) in the first excited state (L 2 ) (Figure 4 ; bottom panel). In the simple particle-inthe-box model, the maximum occupancy of the lowestenergy quantized levels is two. Therefore, the third carrier can only be accommodated in a higher energy excited level, which would produce emission at the energy above the biexciton line. Such a multicarrier state will also emit at the band-edge energy due to recombination involving the L 1 electron and hole levels. On the basis of the above considerations, X* 2 features can be assigned to emission due to radiative recombination of the L 2 carrier, while the shoulder growing on the red side of the X* 1 band can be attributed to recombination of the same multiexciton but via the L 1 levels. The existence of the higher-energy optical transition at the position of the X* 2 band is also evident from the ensemble PL excitation (PLE) spectra that show a distinct absorption feature at ∼80 meV above the center of the emission band (Figure 2; black circles) . The latter value is in good agreement with the average shift of 75 ( 15 meV of the X* 2 peak with respect to the band-edge X* 1 feature (Figure 2; histogram shown in blue) .
To clarify the nature of the multiexciton responsible for the higher-energy X* 2 band, we analyze the pump intensity dependence of the PL signal (Figure 3d ). We observe that the amplitude of the X* 1 band grows linearly with P, while the X* 2 band grows quadratically. These scalings are typical for the single exciton and the biexciton, respectively. The fact, that the biexciton produces emission involving not only the lowest-energy but also the excited levels indicates that it has been excited in the nanocrystal with a pre-existing long-lived charge, as was previously observed for CdSe NQDs. 24 Thus, the B-type PL spectra most likely arise from charged g-NQDs, and consequently, X* 1 and X* 2 bands correspond to emission from charged single excitons (trions) and charged biexcitons, respectively. In the schematics in the lower panel of Figure 4 , we consider an example of a positively charged nanocrystal, which has an excess hole. We would like to point out, however, that based on the data available we cannot make a conclusive assignment of the type of charge residing in the type-B g-NQDs.
The assignment of the X* 1 feature to the trion is consistent with the fact that even at very low pump intensities we do not observe any transformations from one band-edge line to the other that would be reminiscent of the interplay between the X 1 to X 2 features seen in the case of the 532 excitation (Figure 1a,c) . Instead, a single X* 1 peak is observed for all pump intensities spanning the four-orders-ofmagnitude range. Furthermore, the intensity of this peak shows almost perfect linear scaling over the entire range of pump powers (Figure 3d ). This is in contrast to switching between the linear and quadratic scalings, which accompanies the transition from the X 1 to the X 2 band in the case of the 532 nm excitation.
Interestingly, the spectrally integrated PL intensity measured with the 405 nm pump scales linearly with P without any signatures of saturation for both A and B type g-NQDs (Figure 3b,d ; black squares), indicating that both trions and charged biexcitons recombine primarily radiatively as the neutral biexcitons. This conclusion is at odds with one from ref 21 where trions in g-NQDs were identified as "gray" (relatively weakly emitting) states with emission quantum yields of only 19%. We would like to point out, however, that the measurements of ref 21 were conducted at room temperature while our studies have been done at T ) 4 K. The effect of temperature on radiative and nonradiative decay channels in g-NQDs still remains unexplored. There- fore, it is not clear whether the emission efficiency of the trions (as well as other multicarrier states) is sensitive to changes in sample temperature.
The above results imply that the probability of nanocrystal photocharging for 405 nm excitation is higher than that for the 532 nm pump. The suppression of photocharging in the case of 532 nm excitation is likely because the electrons and holes are created directly in the CdSe core, which is separated from the environment by the thick CdS shell. On the other hand, the 405 nm photons create carriers within the CdS shell. These "hot" carriers can either relax to the lowest-energy emitting core levels or get trapped at CdS shell surface states. Even if the second pathway is not very efficient, over time it can still lead to accumulation of a significant number of charged g-NQDs, especially under conditions of cw pumping when the nanocrystals are continuously recycled between the ground and the excited state. Furthermore, since the thick shell prevents the escape of charges from the core as well as the reentry of the opposite charge from the interface, one might expect that the g-NQDs can remain in the charged state for much longer than standard nanocrystals.
On the basis of our measurements, we attempted to quantify the likelihood of finding a charged nanocrystal in the case of the cw 405 nm pumping. Overall, we have studied ∼30 g-NQDs. The ratio between the numbers of dots that exhibit B versus A behavior varied between 50/50 to 80/20 depending on pump intensity. These results indicate that under cw 405 excitation, the g-NQDs in our samples are on average more likely to be charged than neutral.
Pulsed Excitation: Observation of High-Order Multiexcitons. We have also investigated spectral and dynamical properties of multiexcitons using pulsed 405 nm excitation. The maximum fluence in these measurements was 0.29 mJ cm -2 per pulse (j ) 1 in normalized units). Interestingly, for pulsed excitation all of the studied dots have shown the A-type spectra typical of neutral nanocrystals, indicating a reduced probability of photocharging compared to cw 405 excitation. This suppression of photocharging likely results from the reduced excitation rate, which is at least a factor of 20 lower for pulsed excitation compared to the case of cw pumping. In our earlier ensemble studies of g-NQD solutions conducted under pulsed 405 nm excitation, 20 we did not detect any signatures of significant photocharging either. Specifically, the measurements of multiexciton decay done on "static" and "stirred" solutions produced nearly identical dynamics. If photocharging were the issue, accumulation of charged dots within the excited volume of the "static" sample would have affected the measured dynamics.
Using pulsed excitation, we are able to detect multiexcitons of higher order in addition to biexcitons. In the example in Figure 5a , the single-exciton X 1 band, which grows linearly with j, along with its phonon replica dominate the PL spectra at low pump fluences (see two bottom spectra in Figure 5a and the pump-intensity dependence shown by open black circles in Figure 5b ). At j ∼ 0.002, we observe the emergence of the X 2 feature located ∼13 meV above the X 1 line. As expected for biexcitons, the amplitude of the X 2 band grows quadratically with pump power (blue open squares in Figure  5b ). At j of ca. 0.1, we observe a new higher energy band (X 3 ) separated from X 1 by ∼85 meV (second spectrum from the top in Figure 5a ). The development of this higher-energy feature is likely due to the onset for the filling of the first excited L 2 state, which allows us to attribute the X 3 band to a triexciton (not a charged biexciton, as the clear X 1 -to-X 2 transition indicates that this NQD is neutral). A further increase in the pump level leads to the development of three new higher-energy features (X 4 -X 6 ) that appear at energies 140 to 210 meV above the X 1 band. For these features, we do not have enough data points to clearly infer their scaling with j. However, given the fact that they emerge following the development of the X 3 band, they likely correspond to multiexcitons of the fourth order and higher.
The observation of well-pronounced PL features due to high-order multiexcitons strongly supports the conclusion of a significant suppression of Auger recombination in g-NQDs.
We would like to point out, however, that while the decay of biexcitons in g-NQDs is likely dominated by radiative processes, nonradiative Auger recombination still provides an appreciable contribution to decay of higher order multiexcions. We draw this conclusion based on the fact that the pump-power dependence of the spectrally integrated PL signal (solid black circles Figure 5b ) changes from linear to sublinear at j ∼0.1, which corresponds to the onset for the development of the X 3 band. A progressive deviation of the PL pump-intensity dependence from the linear growth with increasing j also indicates a decrease in the emission quantum yield with increasing multiexciton order. These observations can be explained by the fact that Auger decay times scale faster with exciton multiplicity (N) than the radiative lifetime. Specifically, previous studies of multiexcitons in nanocrystals indicate that the scaling of Auger lifetimes (τ A ) for larger nanocrystals is either cubic (1/τ A ∝ N Finally, we conducted a time-resolved PL study of individual g-NQDs. Figure 5c displays the spectrally resolved PL dynamics measured at j ) 1 at the spectral positions of the X 2 to X 4 peaks. The relaxation of the biexcitonic X 2 feature shows a small initial fast component followed by the extended single exponential decay with the lifetime of ∼11 ns. Since our previous analysis of pump-intensity dependent PL signals indicates that biexciton decay is primarily due to radiative processes, we attribute the 11 ns time constant to biexciton radiative recombination, and the initial fast component to decay of higher-order multiexcitons. This assignment is supported by the fact that the X 2 dynamics measured at j ) 0.07 [trace labeled as X 2 (j ) 0.07) in Figure  5c ], when the PL spectra do not have any signatures of higher-order multiexcitons, show "clean" single-exponential decay with the 11 ns time constant.
At present, our measurements are not sensitive enough to monitor the dynamics of the X 1 feature, which is seen only at very low excitation levels (j < 0.003). However, on the basis of ensemble measurements, we infer that the lowtemperature single-exciton radiative lifetime in these g-NQDs is ∼45 ns. If we further assume quadratic scaling of emission rates with exciton multiplicity, 27 the corresponding biexciton radiative time constant should be ∼11.25 ns. This value is in agreement with the measured lifetime of the X 2 feature, providing further evidence that biexciton dynamics in g-NQDs is dominated by radiative recombination but not Auger decay.
The X 3 and X 4 peaks exhibit similar dynamics that are characterized by multiexponential decay with the initial "fast" time constant of ∼1 ns. These dynamics are likely contributed not only by radiative processes but also by nonradiative Auger decay, as indicated by a sublinear pumppower dependence of the PL intensity at high excitation fluences (black solid circles of Figure 5b ). Because of close separation between X 3 -X 6 features, the PL decay measured at high spectral energies is likely contributed by various highorder (3 and greater) multiexciton states. For quadratic scaling of radiative rates and a single-exciton radiative time of 45 ns, the radiative lifetime of states with multiplicity from 3 to 6 are in the 5-to-1.25 ns range. Even the shortest of these estimated times is still longer than the measured PL decay time constant, which points again to the fact that the dynamics measured for higher-order multiexcitons are not purely radiative but contributed by nonradaitive Auger recombination.
The mechanism underlying the suppression of Auger decay observed here for g-NQDs and in two recent reports for other types of nanostructures 22, 23 is still under investigation. In ref 20 , we discussed potential contributions to this suppression due to effects of the large g-NQD volume, reduced overlap between the electron and hole wave functions, exciton-exciton repulsion and a smooth confinement potential at the CdSe/CdS interface. A preliminary conclusion of this analysis was that the most important factor was the smoothening of the interfacial potential, which reduces the uncertainty of the carrier momentum during the collision with the interface, and hence, the probability of Auger transitions. The impact of the shape of the interfacial potential on the rate of Auger recombination was recently discussed in great detail in ref 28 . At present, we are conducting direct experimental studies of the effect of controlled alloying, which smoothens the interfacial potential, on Auger decay rates in different types of core/shell nanocrystals.
Conclusions. In summary, we have performed detailed studies of low-temperature (T ) 4 K) steady-state emission spectra and PL dynamics of CdSe/CdS g-NQDs using different pump-photon energies (532 vs 405 nm) and excitation regimes (cw vs pulsed). Using cw 532 nm excitation, we observe a well-resolved peak of biexciton emission (X 2 ), which is blue shifted from the single-exciton line on average by 25 ( 5 meV. This peak dominates the PL spectra at high pump intensities, which is in contrast to the situation in standard nanocrystals where biexcitons are essentially nonemitting as they decay primarily via fast nonradiative Auger recombination. The observation of a strong biexciton peak in g-NQD spectra points toward significant suppression of Auger decay in these nanostructures.
In the case of the cw 405 nm excitation, we observe two types of spectral behaviors depending on the particular g-NQD, which we attribute to coexistence of neutral and charged nanocrystals in the photoexcited ensemble. The PL spectra of neutral g-NQDs measured under 405 nm pumping are similar to those recorded for 532 nm excitation. On the other hand, charged g-NQDs instead of single-exciton and biexciton peaks show spectral features due to trions and charged biexcitons. The latter species are identified by a high-energy peak (X* 2 ), blue shifted by 75 ( 10 meV from the band-edge feature, that develops as a result of the recombination of carriers occupying the first-excited electron or hole state. As is the case for neutral biexcitons, charged biexcitons, as well as trions, are highly emissive, which again indicates a significant reduction in the rate of Auger recombination.
Under pulsed 405 nm pumping, we do not observe any pronounced signature of photocharging, indicating that this process is much less efficient than under cw irradiation. At high intensities of pulsed excitation, in addition to the bandedge biexciton peak we observe a series of four high-energy peaks (X 3 -X 6 ) located at 140 to 210 meV above the singleexciton line. We attribute these peaks to emission of multiexcitons of the order of 3 and higher. The single-nanocrystal PL dynamics measured for different emission peaks indicate the biexciton lifetime of 11 ns and ca. 1 ns average decay time for multiexcitons of higher order. We attribute the 11 ns time constant to almost purely radiative decay of biexcitons as indicated by a linear scaling of the corresponding emission line with pump level. On the other hand, the 1 ns decay of higher order multiexcitons in addition to radiative processes is also likely contributed by Auger recombination as suggested by a slight deviation from linearity in the measured PL pump intensity dependence observed at very high excitation levels.
The overall conclusion of this work is that Auger recombination is significantly suppressed in CdSe/CdS g-NQDs and that multiexcitonic emission is not simply observable, but efficient in this system. Specifically, our observations of nearly purely radiative trion and biexciton (charged and neutral) decay and strong emission from states of multiplicity 3 and higher clearly suggest that mutliexcitons in the CdSe/CdS g-NQDs are much more readily available for lightemitting applications than in standard nanocrystals. A significant potential of g-NQDs for lasing applications is indicated, for example, by our recent observations of an extraordinarily large spectral width (>500 meV) of optical gain in these structures and multiband amplified spontaneous emission due to contributions of multiexcitons of order more than eight. 20 
